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The IceCube Neutrino Observatory has observed highly energetic neutrinos in excess of the ex-
pected atmospheric neutrino background. It is intriguing to consider the possibility that such events
are probing fundamental physics beyond the standard model of particle physics. In this context,
O(PeV) dark matter particles decaying to neutrinos have been considered while dark matter annihi-
lation has been dismissed invoking the unitarity bound as a limiting factor for the annihilation rate.
However, the latter claim was done ignoring the contribution from dark matter substructure, which
in a PeV Cold Dark Matter scenario, would extend down to a free streaming mass of O(10−18M⊙).
Since the unitarity bound is less stringent at low velocities, (σannv)≤ 4pi/m
2
χv, then, it is possible
that these cold and dense subhalos would contribute dominantly to a dark-matter-induced neutrino
flux and easily account for the events observed by IceCube. A dark matter model where annihila-
tions are enhanced by a Sommerfeld mechanism can naturally support such scenario. Interestingly,
the spatial distribution of the events shows features that would be expected in a dark matter inter-
pretation. Although not conclusive, 9 of the 37 events appear to be clustered around an extended
region near the Galactic Center while 6 others spatially coincide, within the reported angular er-
rors, with 5 of 26 Milky Way satellites. However, a simple estimate of the probability of the latter
occurring by chance is ∼ 35%. More events are needed to statistically test this hypothesis. PeV
dark matter particles are massive enough that their abundance as standard thermal relics would
overclose the Universe. This issue can be solved in alternative scenarios, for instance if the decay
of new massive unstable particles generates significant entropy reheating the Universe to a slightly
lower temperature than the freeze-out temperature, TRH . Tf ∼ 4× 10
4 GeV.
PACS numbers: 95.35.+d,98.35.Gi
I. INTRODUCTION
The IceCube collaboration has recently announced the possible detection of the first high energy neutrinos with a
cosmic origin [1–3]. The all-sky search over a period of ∼ 988 days resulted in 37 events in the energy range between
∼ 30 TeV and ∼ 2 PeV. The possibility of these neutrinos having a purely atmospheric origin is currently ruled out
at ∼ 5.7σ. Whether their origin is Galactic or extragalactic remains unknown with several ordinary astrophysical
sources being considered so far (for an excellent review see [4]). An intriguing possibility related to new physics is
that of PeV dark matter decay or annihilation. A smoking gun dark-matter-induced monochromatic neutrino line
might be consistent with both, an apparent drop-off feature above PeV energies in the neutrino spectrum, and the
fact that the three highest neutrino events have similar energies (1041+132
−144 TeV, 1141
+143
−133 TeV and 2004
+236
−262 TeV).
The case of dark matter decay has been considered in detail elsewhere [5–8] but dark matter annihilation has been
discarded for the following reason:
The rate of monochromatic neutrinos of energy Eν produced by dark matter annihilation arriving at a detector on
Earth of fiducial volume V (∼ 1 km3 for IceCube) and nucleon number density nN (∼ 5 × 1023cm−3, the number
density of ice) has been estimated as [5]:
ΓEvents ∼ V LMWnNσN
(
ρχ(R⊙)
mχ
)2
〈σannv〉 ∼ 0.013 yr−1, (1)
using a neutrino-nucleon scattering cross section σN ∼ 9 × 10−34cm2 at Eν = mχ = 1.2 PeV [9]. Dark matter is
assumed to annihilate homogeneously across the characteristic length of the Milky Way (MW) galaxy LMW ∼ 10 kpc,
having a density equal to the estimated local value ρχ(R⊙ = 8.5 kpc) = 0.4 GeVcm
−3 (consistent with current
estimates, see e.g. [10]) and an annihilation cross section exclusively into neutrinos and saturated at the local unitarity
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2limit:
〈σannv〉 ≡ 4pi
m2χβloc
, (2)
where βloc ≡ vloc/c ∼ 10−3 is the typical local relative velocity of dark matter particles.
With the estimate in Eq. (1), it seems that annihilation cannot account for the observed number of events. However,
a more detailed calculation of the neutrino flux coming from all our MW halo should consider the following: (i) the
change in dark matter density along the line of sight due to the radial dependence of the smooth dark matter
distribution, which is enhanced towards the Galactic Centre; (ii) the contribution from dark matter substructure,
and, more importantly, (iii) the unitarity limit depends on the relative velocity between dark matter particles at a
given position along the line of sight. Thus, in principle, without violating the unitarity bound, the annihilation cross
section could be much larger in the cold substructures present in our halo than at the solar circle as assumed in Eq. 1.
This type of behavior is natural in Sommerfeld-enhanced models, where (σannv) ∝ 1/β is a common feature due the
presence of a new mediator acting between the annihilating particles (e.g. [11–13]).
In this paper we consider in detail (i)-(iii) to compute the rate of neutrino events potentially observable by IceCube
and produced by PeV dark matter annihilation in our Galactic halo. The paper is organized as follows: In Section
II, we describe how we estimate the contributions from the smooth dark matter distribution and from substructure
(see also Appendix). We study the cases of a constant (σannv) and one where (σannv) ∝ 1/β. The expected neutrino
rate is presented in Section III as well as some indications of the compatibility of the spatial event distribution in the
sky with that expected in a dark matter annihilation scenario. In Section IV, the possible origin of PeV dark matter
particles and their associated minimum self-bound halo mass are discussed. Finally we present a summary and our
conclusions in Section V.
II. GALACTIC NEUTRINOS FROM DARK MATTER ANNIHILATION
To estimate the enhancement over Eq. (1) due to the factors (i)-(iii) described above, we define the quantity J(Ψ)
(proportional to the so-called J−factor), as the line of sight integration of the dark matter density squared normalized
to the product ρχ(R⊙)
2LMW assumed in Eq. (1).
A. Smooth dark matter halo
In the case of the smooth dark matter distribution we have1:
Jsmooth(Ψ) =
1
ρχ(R⊙)2LMW
∫ λmax
0
ρ2χ
(
r = (R2⊙ − 2λR⊙cosΨ + λ2)1/2
)
dλ, (3)
where Ψ is the angle relative to the Galactic centre, ρχ(r) is the radial density profile of the smooth component, and:
λmax = R⊙cosΨ +
(
R2200 − sin2ΨR2⊙
)1/2
, (4)
which truncates the integral at the virial radius of the halo, chosen as the radius where the average dark matter
density is 200 times the critical density (R200). To compute Eq. (3), we use an Einasto profile:
ρχ(r) = ρ−2exp
(−2
αe
[(
r
r−2
)αe
− 1
])
, (5)
where ρ−2 and r−2 are the density and radius at the point where the logarithmic density slope is −2, and αe is
the Einasto shape parameter. We use the values of these parameters from the fit to the highest resolution level of
the MW-size halo simulations from the Aquarius project (Aq-A-1 in [15, 16]): αe = 0.17, ρ−2 = 4 × 106 M⊙kpc−3,
r−2 = 15.14 kpc, M200 = 1.84× 1012M⊙, and R200 = 246 kpc. We further normalize this profile to the assumed local
dark matter density ρχ(r = R⊙) = 0.4 GeVcm
−3. This value is within the range of current observational estimates,
e.g. ρχ(R⊙) = 0.3 ± 0.1 GeVcm−3 [17].
1 We fill follow closely the notation used in [14].
31. Sommerfeld enhancement
Although the velocity dependence of (σannv) in specific Sommerfeld-enhanced models is more complicated than
a simple 1/β scaling, we will assume such behavior for simplicity noting that a particular model would not differ
qualitatively from our main conclusions.
We further assume that the dark matter particles have a Maxwellian velocity distribution without truncation. With
such an assumption the (σannv) ∝ 1/β scaling translates into an average that scales as 〈σannv〉 ∝ 〈1/β〉 = 1/
√
piσvel,
where σvel is the 1D velocity dispersion of dark matter particles in units of the speed of light. In this case, Eq. (3) is
modified by replacing:
ρ2χ (λ)→
(
1√
piσvel(λ)
)
ρ2χ (λ) . (6)
We take the velocity dispersion profile for the MW halo as given by the spherically averaged coarse-grained pseudo
phase space density Q:
Q(r) ≡ ρχ(r)
σ3vel(r)
∝ rχ, (7)
where χ ∼ −1.9 and we normalize this relation to match σvel(rmax) ∼ 117 km/s for the Aq-A-1 halo (see Tables 1
and 2 of [16]).
In principle, a self-consistent approach would consider the actual velocity distribution associated to the Einasto
profile, truncated to the local escape velocity, instead of a Maxwell Boltzmann distribution. Since a truncation does
not significantly impact the integral that is needed to make the 〈σannv〉 average, the scaling 〈σannv〉 ∝ 1/σvel is
thus preserved (see e.g. [19]). Although the specific shape of the velocity distribution derived self-consistently would
deviate from a Maxwellian, the average 〈σannv〉 is not overly sensitive to the precise shape of the distribution. As
long as the Maxwellian assumption considers the accurate radial variation of the velocity dispersion (such as in our
case), the final result will be approximately correct (see Figure 5 of [20] and also Table I and Section 6 of [21]). In any
case, the signal we are exploring in this work is dominated by substructures, whose contribution is estimated with a
model that does not assumes a specific velocity distribution (see Section II B). We therefore consider that the current
approach to estimate the smooth dark matter contribution is sufficient for the purposes of this analysis.
In physical models that have the Sommerfeld mechanism, the enhancement eventually saturates at low velocities
due to the finite range of the interaction acting between the annihilating pair2. We take the saturated enhancement
Smax, relative to the value of the cross section at the solar circle (Eq. 2), as a free parameter.
B. Dark matter substructure
To compute the contribution from substructure we use our new method based on a novel measure of dark matter
clustering in phase space: Particle Phase Space Average Density (P 2SAD) [20, 22]. The method is calibrated to
the Aquarius simulations, and uses a physically motivated model based on the stable clustering hypothesis [23, 24],
the spherical collapse model and tidal disruption of subhalos, to predict the behavior of P 2SAD for masses below
the resolution of current simulations. This prediction can then be used to compute signals that are sensitive to the
small scale structure of dark matter such as annihilation. The physical basis of our model gives it an advantage
over most models that rely on simple extrapolations of the abundance, radial distribution and internal structure of
subhalos, based on the behavior in the resolved regime. For completeness, we nevertheless present our results using
both P 2SAD and a current subhalo model (see Appendix for details of the latter).
The calibration of P 2SAD with the Aquarius simulation is presented in [20], while the methodology to compute the
substructure contribution to dark matter annihilation is described in [22]. A public version of a code that illustrates
the use of P 2SAD and our model is available online at http://spaces.perimeterinstitute.ca/p2sad/. In the
following we simply give the equation that we need for the purposes of this paper.
The local subhalo boost B(r) to the smooth dark matter annihilation rate is given by (see Eq. 9 of [22]):
B(r) ∼
∫
d3v(σannv) lim∆x→0 Ξ
subs(∆x, v)
ρχ(r)〈σannv〉smooth , (8)
2 Related to the non-zero mass of the force mediator, e.g. a Yukawa-like interaction.
4where Ξsubs, a function of both relative velocity and separation (∆x) between the annihilating pair of particles, is
equivalent to P 2SAD in the regime dominated by substructures (small separations in phase space)3. The quantities in
the denominator in Eq. (8) correspond to the smooth dark matter distribution. The physically motivated model that
we present in [22] can then be used to predict lim∆x→0 Ξ
subs(∆x, v) for any minimum subhalo mass. Since substructure
is naturally embedded in P 2SAD, our model does not require an assumption about the velocity distribution function
of dark matter. Thus, any velocity dependence of (σannv) can be easily accommodated by performing the simple
integral in Eq. (8). The particular 1/β scaling of the Sommerfeld-enhanced models we consider here is therefore
straightforward4.
The J − factor from substructures is then simply given by:
Jsubs(Ψ) =
1
ρχ(R⊙)2LMW
∫ λmax
0
B(λ)ρ2χ (λ) dλ. (9)
We note that the Aquarius simulations were done in the context of a WMAP1 cosmology whose parameters are
different from those currently preferred. In particular, σ8 (the rms amplitude of linear mass fluctuations in 8 h
−1 Mpc
spheres at redshift zero) is lower and Ωm is higher in the latter. This produces compensating effects in the abundance
and clustering of dark matter haloes. Nevertheless, due to the chosen cosmology, there might be a small overestimate
of the abundance and central densities of subhalos, i.e., an overestimate of the substructure contribution to the
annihilation rate. We also note that Aq-A-1 is only a particular realization of a halo with similar global properties
to that of our Galactic halo; it is not expected however to be a detailed match. Observational uncertainties allow
for a broad range of density profiles, which impacts the predicted signal of the smooth halo (see the end of Section
III). Surprisingly, the contribution from substructures might be relatively insensitive to different MW realizations, as
long as the MW halo mass is not too far from that of the Aq-A-1 halo5. This is a conclusion based on the analysis of
P 2SAD across the different simulations of the Aquarius project [20].
III. RESULTS
If we take the average of J(Ψ) over the solid angle ∆Ω = 2pi(1− cosΨ):
J∆Ω(Ψ) =
2pi
∆Ω
∫ 1
cosΨ
J(Ψ′)d(cosΨ′), (10)
then we can finally estimate the average number of PeV neutrinos (Eν = mχ = 1.2 PeV), with a dark matter
annihilation origin, expected in IceCube within an angle Ψ from the Galactic Centre (visible fraction ∆Ω/4pi of the
whole sky):
ΓEvents(Ψ) = V LMWnNσN
(
ρχ(R⊙)
mχ
)2
〈σannv〉loc
(
∆Ω
4pi
)
J∆Ω(Ψ), (11)
where the local annihilation cross section is at the local unitarity limit. We note that, following our definitions, we
take βloc = σvel,loc ∼ 3.7× 10−4 instead of βloc = 10−3 as used in Eq. (1).
The results of our calculation are shown in Fig. 1 for the cases where 〈σannv〉 = 〈σannv〉loc = cte (left panel)
and in the case where (σannv) ∝ 1/β with a saturation at Smax = 100 (right panel). The solid lines are for the
smooth dark matter distribution while the dashed lines show the contribution from substructure all the way down
to mmin = 10
−18M⊙ (a representative free streaming mass for PeV dark matter particles, see section IVB below).
We present the contribution from substructure using two models: the P 2SAD approach (dotted lines, see Section
II B) and the subhalo model (dashed lines, see Appendix). They both agree in the spatial distribution of subhalos,
but the latter is a factor of ∼ 3 larger than the former. We note that the fact that both models agree reasonably
well despite their fundamentally different approach is because: (i) they are both calibrated to the same N−body
3 P 2SAD is a full measure of the clustering of dark matter in phase space, and thus, it does not distinguish the smooth from the
substructure contribution. However, at small scales (i.e. small separations in phase space), P 2SAD is dominated by substructures (see
Eq. 7 of [22] for the numerical value of P 2SAD where this transition occurs in a MW halo).
4 See Eqs. 32 and 35 for the specific equations that were used in our calculations for the cases of (σannv) =cte and (σannv) ∝ 1/β,
respectively.
5 Current estimates of the MW halo virial mass cover the range ∼ 1.0− 2.0× 1012 M⊙ (e.g. see Section 5.1 of [18])
5FIG. 1: Average rate of neutrinos (Eν = mχ = 1.2 PeV) expected in IceCube within an angle Ψ from the Galactic Centre
(solid angle ∆Ω) produced by dark matter annihilating exclusively into neutrinos along the line of sight. The solid lines are for
the smooth dark matter distribution while the dashed and dotted lines are the contributions from substructure down to a mass
of 10−18M⊙ using two different models to account for substructure. For the left panel, we assume a constant 〈σannv〉 equal to
the unitarity limit set locally (Eq. 2 with βloc ∼ 3.7× 10
−4). For the right panel (red lines), 〈σannv〉 is normalized to the same
local value but it scales as 1/β (Sommerfeld enhancement) until it saturates at Smax = 100 times the local value. The blue
dotted line is for mmin = 10
−12M⊙. The dot-dashed line in both panels is the estimate according to Eq. (1).
simulation (Aquarius) and (ii) they both take into account the flattening of the dark matter power spectrum at small
scales. Nevertheless, there is a clear difference in normalization that can be traced back to the inaccuracy of the
subhalo model in describing P 2SAD in the resolved regime, overestimating it by a factor of 2 − 3 (see Fig. 5 of
[20] and discussion therein). The reason for this is a combination of the simplifications made in the subhalo model,
perhaps more importantly: (i) the need to assume a velocity distribution function for the subhalos (a Maxwellian),
and (ii) the use of an average relation for the concentration-mass subhalo relation, instead of considering the full
radially-dependent concentration distribution as a function of subhalo mass (subhalo concentrations rise towards halo
centres, see e.g. [15]). This highlights the importance of P 2SAD as a quantity that can be used directly to estimate
signals that are sensitive to the small scale structure of dark matter, such as dark matter annihilation.
The total rate of neutrinos arriving at IceCube over the full sky can be read off from Fig. 1 by taking ΓEvents(Ψ =
180◦). For the constant (σannv) case, the effect of substructure in the total annihilation rate is less but of the order
of the smooth distribution (roughly consistent with the low end of previous studies, e.g., [25, 26]). Together, both
contributions add up to ΓEvents ∼ 0.06− 0.096, still too low to account for the observed number of events but a factor
of several larger than the simple estimate in Eq. (1). For the Sommerfeld-enhanced case, the role of substructures
becomes dominant and already for Smax = 100, the predicted number of events per year is ∼ 0.92− 3.1, which is of
the order of the observed rate of PeV neutrinos.
The effect of mmin in our results is relatively small due to the flattening of the dark matter power spectrum at small
scales. For instance, increasing the minimum mass by 6 orders of magnitude only changes the subhalo contribution
by a factor of ∼ 1.4 (blue dotted line in the right panel in Fig. 1). Thus, although we discuss it in Section IVB, the
precise value of the damping mass scale for PeV dark matter is not a major uncertainty.
From Fig. 1, we can readily see that while the subhalo contribution might become dominant over large angles, at
small angles the smooth distribution clearly dominates. Thus, a generic expectation for a signal with a dark matter
origin (more relevant for annihilation but also for decay) is a larger number of neutrino events in the direction of
6 The lower value is from the estimate using P 2SAD, while the larger value comes from the subhalo model.
6FIG. 2: Top panel: Aitoff projection in equatorial coordinates of 33 of the 37 high energy neutrino events reported by IceCube
(crosses). We removed from the sample the two events with the largest angular errors (& 42◦), and also two more (numbers
28 and 32 in [3]) that are very likely produced in cosmic ray air showers. The median angular error in the location of each
event is shown with a circle. The blue circles mark the locations of 26 MW satellites. The six red crosses are neutrinos
coincident with the position of at least one satellite (excepting Sagittarius). The red square marks the position of SgrA∗. The
red line circles all eight events in the inner halo region (defined arbitrarily as 40◦ around Sagittarius). Bottom panel: Discrete
cumulative probability distribution function of randomly drawing 25 points in the sky, excluding the inner halo region, and
having N > Nrand neutrinos coincident with at least one of these 25 points (within the angular errors). The dashed blue line
marks the 6 actual events coincident with 5 MW satellites. The probability that this number (or higher) occurs randomly is
∼ 35%.
the Galactic Centre. For instance in the Sommerfeld-enhanced case considered here, the transition between both
regimes occurs at ∼ 10 − 30◦. This transition however, depends on the interplay between the normalization of the
cross section, the value of Smax and, to lesser extent, the value of mmin. For example, one can achieve the desired rate
with a smoother distribution at all angles by increasing the value of Smax and reducing the normalization of the cross
section. We note that we calculated Fig. 1 assuming Eν = mχ = 1.2 PeV, for higher neutrino energies, such as the
case of the recently reported ∼ 2 PeV event [3], the normalization of the cross section would be lower by a factor of
(2/1.2)2 ∼ 2.8. This can be compensated by increasing the value of Smax accordingly. Notice also that due to the low
number PeV events, the measured event rate with error bars corresponding to 2σ errors (based on Poisson statistics
[27]) is 1.1+2.2
−0.9 yr
−1, which leaves a freedom on the normalization of the predicted signal of O(10).
As is clear in Fig. 1, in a Sommerfeld-enhanced model of annihilation, subhalos are more visible in the sky than if
(σannv) = cte; the largest nearby subhalos might therefore appear as individual sources (for a sky map realization of
dark matter annihilation in a Sommerfeld case see e.g [28]). In addition to the three ∼PeV neutrinos, the IceCube
collaboration has also reported 34 neutrino events at lower energies (0.03 PeV < Eν < 0.4 PeV) in an all-sky search
[2]. These lower energy neutrinos could be the result of a continuum neutrino emission from annihilation, while
the high energy events would be the result of monochromatic annihilation (see Section V). Even though the IceCube
collaboration has performed a point source analysis of these events and found no strong evidence for spatial clustering,
it is still interesting to investigate the compatibility of the observed all-sky map with a predicted dark matter signal.
This was done for the case of dark matter decay in [7]. Although we do not attempt to investigate this rigorously in
the case of dark matter annihilation, we note that the distribution has some intriguing features. In Fig. 2 we show
the spatial distribution of neutrino events in equatorial coordinates (crosses). Each event is circled by the angular
7FIG. 3: Ratio of the expected number of neutrino events within 0.5◦ of the center of 17 MW satellites to that within 40◦ from
the Galactic Centre produced by dark matter annihilating exclusively into neutrinos. The J − factor (Eq. 10) for each galaxy
was taken from [29] (assuming a NFW profile, see their Table I) scaled up by the average Sommerfeld enhancement given by
the corresponding velocity dispersion (taken from [30]): 〈σannv〉 ∝ 1/σ¯vel. In the left panel, the MW halo is assumed to have
an Einasto profile as described in Section II A while in the right a constant density core of 8.5 kpc is assumed. In addition, the
satellites have a sub-substructure boost with a Sommerfeld enhancement saturated at Smax = 100; see text for details. The
horizontal dashed line marks the 1σ region of the hypothetically observed satellite:Galactic-Centre ratio of events, 1:8.
error in its position (based on Table 1 of [2]). We have removed the events with the largest errors, ∼ 43◦ and ∼ 46◦7,
and also two events that are almost certainly produced in cosmic ray air showers (see Table I of [3]).
Eight of the 33 events are near the Galactic Center (SgrA* marked with a red square), which in a dark matter
interpretation would be associated with the smooth dark matter distribution. With blue circles we mark the locations
of 26 MW satellites easily identified by the legends. It is interesting that 6 of the 25 events outside the inner halo
region are compatible, within the angular errors, with coming from 5 MW satellites: Hercules, Sculptor, Segue 1,
Sextans and Ursa Major II. Notice also that another 7 satellites are barely outside the reported angular errors of the
events: Fornax, LMC, Leo I-II, Leo III-IV and Ursa Major I.
To estimate how likely is that the coincidence between some of the neutrino events with some of the MW satellites
occurs by chance, we randomly draw 25 locations from the sky (uniform distribution in right ascension and declination),
excluding a 40◦ region centered in the Sagittarius galaxy. This exclusion region was selected so that it roughly
encompasses all eight events possibly associated with the inner halo. The discrete cumulative probability distribution
of having N > Nrand events coincident with at least one of the 25 random locations is shown in the bottom panel of
Fig. 2. The probability of having 6 or more random matches is ∼ 35%. Although this high probability is certainly
consistent with a random coincidence, the statistics are limited at this point and it would be interesting to study such
association once more data is collected. We note that most of the events come from the southern hemisphere, which
might be due to some neutrinos being absorbed as they pass through the Earth and reach the detector from below.
If dark matter annihilation in the MW satellites is indeed responsible for some of the cosmic neutrino events, it
would be expected that those satellites with the largest predicted rates are precisely those that have a matching
event in Fig. 2. To check this, we take the J − factors estimated in [29] for the MW satellites that have enough
kinematical information (17 out of the 26). They were computed using estimates of the dark matter mass distribution
in each galaxy compiled from several references (see their Table I). The annihilation signal is computed within 0.5◦
of the centre of each satellite, and we consider only the case where the dark matter density profile is assumed to be
7 The center of this event lies near the Galactic Centre.
8NFW [31]8. Since the J − factor in each galaxy was computed assuming 〈σannv〉 = cte, we scale it up to account
for a Sommerfeld enhancement. Instead of a local boost as in Eq. 6, we boost the J − factor given in [29] by a
factor proportional to 1/σ¯vel, where σ¯vel is the average velocity dispersion of each satellite (taken from [30]). We then
compute the ratio of each enhanced J−factor to that of the smooth dark matter distribution in the MW halo within
40◦ of the Galactic Centre. The result is shown in the left panel of Fig. 3 as a function of the velocity dispersion
of each satellite. Highlighted in red are the five systems that are coincident with one neutrino event. Two of these
are ranked the highest among all satellites, while the other three are among the next seven satellites with the largest
J−factors. It is thus not unexpected that these five satellites are the ones giving a neutrino signal, although perhaps
Coma Berenices, Bootes I, Draco and Ursa Minor, would also be expected to produce a signal. However, given the
low number of events and the large error bars in the J − factors, no firm conclusion can be reached at this point.
The number of observed events within 40◦ from the Galactic Centre is 8, since each satellite is coincident with one
event (except for Sculptor), then, hypothetically, we have an observed 1: 8 satellite-Galactic-Centre ratio of events.
Due to the low number of counts, the corresponding 1σ region around this ratio (based on Poisson statistics) is quite
broad (dashed region in Fig. 3). Still, the predicted signal from all satellites lies below this region, i.e., there should be
many more events around the Galactic Centre. A possibility is to reduce the annihilation rate in the center of the MW
halo by modeling the density distribution with a cored instead of an Einasto profile. A large core of size ∼ 8.5 kpc
is actually allowed by current data (see e.g. [32, 33]), and would decrease the number of events around 40◦ from the
Galactic Centre by roughly an order of magnitude. Another uncertainty in the predicted satellite-Galactic-Centre
ratio of events is that of the appropriate sub-substructure boost to the MW satellites, which was assumed to be zero
in the left panel of Fig. 3. This is motivated by the fact that dark matter subhalos are subjected to tidal forces
that rapidly strip their most loosely bound material, this includes the abundant sub-substructure outside their tidal
radii. For instance, it has been estimated that the sub-substructure boost in a fraction of the MW satellites shown
in Fig. 3 lies in the range: 12%− 31% [34]. This is however in the case where 〈σannv〉 = cte, if there is a Sommerfeld
enhancement with Smax = 100, then, since the MW satellites we are considering have σvel of O(10 km s−1), their
sub-subhalos would be all in the saturated regime. Thus, the sub-substructure boost would increase roughly by a
factor ∼ Smax/SMW−sat relative to the 〈σannv〉 = cte case9. If we consider then the case of a MW halo with a core
and a Sommerfeld-enhanced sub-substructure boost, we obtain the right panel of Figure 3. This prediction is in much
closer agreement to the hypothetically observed situation.
IV. PEV DARK MATTER ABUNDANCE AND MICROHALOS
A. Thermal relic abundance
Thermal production of very massive particles is dismissed as an explanation for the observed abundance of dark
matter since the unitarity bound in the early universe would imply an abundance today that overcloses the Universe
[35]. For a constant 〈σannv〉 set at freeze-out, [35] estimated an upper bound to the dark matter mass mχ < 340 TeV,
for a Majorana fermion in order to have Ωχh
2 . 1. However, for the case where the cross section is enhanced by a
Sommerfeld mechanism, annihilation proceeds beyond freeze-out, reducing the relic abundance (e.g. [36, 37]) making
the unitarity mass bound weaker. This was already partially estimated by [35] finding that mχ < 550 TeV (Ωχh
2 ∼ 1)
for the case we have studied here, i.e., considering the unitarity limit and assuming (σannv) ∝ 1/β across freeze-out
and beyond. The impact of the kinetic decoupling temperature was however not considered in this calculation. After
kinetic decoupling, the temperature of the dark matter particles drops as a−2, while the temperature of radiation
drops as a−1 (where a is the scale factor). The reduced dark matter velocities imply a larger boost to the annihilation
cross section reducing the relic abundance substantially. In the case where (σannv) ∝ 1/β, the relic density decays
logarithmically. We follow closely [37], where the relic abundance for the latter case was computed in detail.
For constant s-wave annihilation, 〈σannv〉0 = cte, the observed abundance of a thermal relic today is given by:
Ωχh
2 ∼ 2.757× 108
( mχ
GeV
)
Y∞, (12)
8 Although current kinematical observations of the stars in the satellites are not sufficient to unambiguously discriminate a NFW from a
cored-like profile (e.g. Burkert), the difference in the J − factor between both cases is less than a factor of ∼ 2 (see Table I of [29]).
9 Ideally, this full calculation would be done using P 2SAD, however, this cannot be done since P 2SAD has been calibrated only at the
scale of MW-size halos. A scale-dependence in Eq. 8 cannot be discarded at present.
9where:
Y∞ =
3.79 xf
(g∗,S/g
1/2
∗ )MPlmχ 〈σannv〉0
, (13)
where xf = mχ/Tf establishes the freeze-out temperature Tf , MPl is the Planck mass, and g∗ (g∗,S) are the effective
degrees of freedom for the total energy (entropy) density of the Universe; g∗ 6= g∗,S only if there are relativistic
particles that are not in equilibrium with the photons. In the Standard Model this only happens at temperatures
lower than neutrino decoupling T < 2− 3 MeV (e.g. [38]). Since we are always in a regime with larger temperatures
we will take g∗ = g∗,S.
In the Sommerfeld-enhanced case, we can write the cross section in terms of x = mχ/T : 〈σannv〉 = 〈σannv〉0 x1/2,
where 〈σannv〉0 = 4pi/(m2χ
√
pi) ∼ 8.28×10−29cm3/s. The relic density in this case is reduced by a factor of (combining
Eqs. 17 and 22 of [37]):
Y SE∞
Y∞
=
1
2
x
1/2
f,SE
xf
(Tf/Tkd)
1/2
(Tf/Tkd)1/2 − 1 + 1/2ln (Tkd/Tsat)
, (14)
where Tkd and Tsat are the radiation temperatures at kinetic decoupling and at the moment where the Sommerfeld
enhancement finally saturates, respectively; xf,SE gives the freeze-out temperature in the Sommerfeld-enhanced case.
The latter and xf are computed using the following formula, with n = −1/2 and n = 0, respectively:
xf (n) = ln [(n+ 1)aχλχ]− (n+ 1/2)ln [ln [(n+ 1)aχλχ]] , (15)
where aχ = 0.145(g/g∗) (g is the number of degrees of freedom of the dark matter particle; g = 2 for a Majorana
fermion) and λχ =
√
pi/45(g∗,S/g
1/2
∗ )MPlmχ 〈σannv〉0. The radiation temperature at saturation, Tsat < Tkd, is directly
related to the saturation velocity through the temperature of the dark matter particles after kinetic decoupling Tχ =
T 2/Tkd. The largest suppression possible to the relic density occurs when Tkd = Tf . In this limit, Tsat =
√
Tχ,satTf ,
thus:
Tkd
Tsat
=
√
Tf
Tχ,sat
∼ 1
σvel(sat)
≡ Ssat, (16)
where we have assumed that at freeze-out, although the dark matter particles are already non-relativistic, their
velocities are still very large. For mχ = 1 PeV, xf ∼ 25.5 and xf,SE ∼ 26.5. Thus the largest suppression in Eq. (14)
for PeV particles is given by:
Y SE∞
Y∞
∼ 0.2 1
ln(Ssat)
. (17)
In the example we have considered in Fig. 1, Smax = 100 corresponding to σvel c ∼ 1km/s; we can then estimate the
relic density to be:
Ωχh
2(mχ = 1PeV, Tkd = Tf , Smax = 100) ∼ 0.47 (18)
which is clearly inconsistent with the observed dark matter abundance. Since Ωχ depends only logarithmically on
Ssat, an extremely large saturation value would be needed to reduce the relic abundance to observed values.
In the previous calculation we have assumed the particle content of the Standard Model (i.e., g∗(Tkd = Tf) = 107),
but the freeze-out temperature is very large for PeV dark matter, Tf ∼ 4 × 104 GeV. At these temperatures, the
questions of how many extra degrees of freedom there are and when do they decouple remain open. Increasing this
number would reduce the relic abundance, but since the dependence on g∗ is not strong, a substantial change would
be required to reduce the abundance to the observed value.
An alternative is to consider a more radical departure from the standard thermal relic calculation. In particular,
the assumption of a purely radiation dominated Universe might be broken if, for example, there exists new unstable
massive particles with couplings too weak too maintain thermal equilibrium (for a description of this possibility see
[39, 40] and references therein). These particles would then naturally dominate the energy density of the Universe.
If they decay into relativistic particles and reheat the Universe to a temperature below the freeze-out temperature
(TRH < Tf), then the abundance of dark matter particles would be reduced by a factor of (TRH/Tf)
3
. Thus,
given Eq. (18), the reheating temperature has to be just slightly lower than Tf to get the correct relic abundance,
TRH ∼ 0.62 Tf .
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B. Minimal halo mass
In a PeV dark matter scenario, the hierarchy of dark matter self-bound structures will extend to much lower masses
than in the case of standard Weakly Interactive Massive Particles (WIMPs). The comoving free streaming length
is roughly given by the time tnr when the particles become non-relativistic: Rfs ∼ 2ctnr/anr ∝ 1/mχ. For massive
particles tnr occurs in the radiation dominated epoch. Since the typical WIMP masses are of O(100GeV) with free
streaming masses of O(10−6M⊙), then for PeV dark matter particles, Mfs ∼ 10−18M⊙.
The actual damping scale for PeV dark matter will depend on its interactions with Standard Model particles. If the
dark matter particles are produced thermally, then their coupling to the thermal bath would erase any fluctuations
until chemical decoupling (freeze-out). Afterwards, elastic scattering between dark matter and Standard Model
particles would still damp fluctuations until they finally decouple kinetically and free stream. The final damping scale
would then depend on the kinetic decoupling temperature (e.g. [41]):
Mfs = 2.9× 10−6
(
1 + ln(g
1/4
∗ Tkd/50MeV)/19.1
(mχ/100GeV)1/2g
1/4
∗ (Tkd/50MeV)1/2
)3
M⊙, (19)
where g∗ is evaluated at T = Tkd. Taking the assumptions from section IVA above, Tkd ∼ Tf ∼ 4 × 104 GeV, then
Mfs ∼ 10−21M⊙. The value of the kinetic decoupling temperature is however model dependent and if Tkd ≪ Tf , then
Mfs would be much higher than this. We have taken the simple estimate, Mfs = 10
−18M⊙ mentioned in the previous
paragraph as a benchmark value. As we discussed in section III, the estimated neutrino rate is not very sensitive to
the precise value of Mfs.
V. DISCUSSION AND CONCLUSIONS
The announcement by the IceCube collaboration of the detection of over thirty neutrino events with a likely cosmic
origin has been received with excitement raising a significant interest in discovering the responsible sources. At this
moment, ordinary astrophysical sources (Galactic and/or extragalactic) could be responsible for the signal (for a
review see [4]), but the possibility of a dark matter origin is intriguing due to the connection with new physics beyond
the Standard Model.
The decay of PeV dark matter particles into neutrinos has been proposed recently [5–8] while the case of PeV
annihilating particles was dismissed invoking the unitarity bound to the annihilation cross section. In this work, we
have revised the latter claim and compute in greater detail the expected rate of monochromatic neutrinos from PeV
dark matter annihilation. We find that the unitarity limit can be satisfied and still produce sufficient PeV neutrinos
if the cross section is enhanced by a Sommerfeld mechanism. In the simple case of (σannv) ∝ 1/v, the unitarity bound
allows for a larger annihilation cross section in the cold subhalos, present in our Galactic halo, with a mass hierarchy
going all the way down to the damping mass limit of PeV dark matter, mmin of O(10−18M⊙).
In this scenario, to obtain the observed PeV neutrino rate, it is sufficient to saturate the cross section at a value of
O(100) times the local unitarity limit: 〈σannv〉sat ∼ 2.7 × 10−23cm3/s for mχ = 1 PeV, at typical particle velocities
of O(1 km/s). A lower value of the local cross section would of course require a proportionally lower saturation
velocity. The prediction in this model would be a signal with two main components: (i) a smooth dark matter
contribution strongly peaked towards the Galactic Centre and (ii) and almost angle-independent contribution from
dark matter subhalos where nearby large subhalos could appear as point sources. The relative contribution of these
components across all angles would depend on the precise value of the velocity where the enhancement saturates. A
lower saturation velocity would result in a stronger dominion of the subhalos.
By looking at the all-sky distribution of events, we can see that a fraction of them (∼ 24%) are clustered around
the Galactic Centre, although not at a strongly statistically significant level as pointed out before [1]. Interestingly,
6 of the remaining 25 events coincide, within the angular errors, with the locations of five of the 26 MW satellites:
Hercules, Sculptor, Sextans, Segue 1 and Ursa Major II. Although we have estimated that the probability of this (or
more associated events) occurring randomly is ∼ 35%, it would be worthy to test this possibility further once more
events are collected.
Regarding the origin of PeV annihilating dark matter particles, we have also revised the possibility of being produced
as thermal relics of the Big Bang. Although strong constraints on very heavy dark matter relics have been derived in
the past, they have so far ignored the substantial reduction of the relic abundance due to the Sommerfeld mechanism
after kinetic decoupling. In the extreme case where Tkd ∼ Tf , the standard relic abundance for a constant s-wave
annihilation gets suppressed by a factor of 0.2 ln−1(1/σvel(sat)), where σvel(sat) is the 1D velocity dispersion of the
dark matter particles when the Sommerfeld enhancement saturates. Even in this case however, the thermal relic
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abundance of PeV dark matter particles would overclose the Universe: Ωχh
2 ∼ 0.47. A non-standard mechanism for
dark matter production is therefore needed. For instance, if the Universe is reheated to a temperature TRH . Tf by
the decays of other unstable massive particles (e.g. moduli), then the relic abundance would be diluted by a factor of
(TRH/Tf)
3.
In this paper we have considered only the case of annihilation exclusively to neutrinos χχ → νν¯, i.e., at tree-
level, there is only a coupling to neutrinos. This produces a monochromatic neutrino signal. In a broader scenario,
annihilation into other channels would lead also to a continuum of lower energy cosmic ray neutrinos (from the decay
of the primary annihilation byproducts). This could in principle explain the more numerous sub-PeV events reported
by IceCube. The combination of a monochromatic line with a continuum might even explain the gap feature that
exists in the observed spectra between ∼ 0.4 PeV and ∼ 1 PeV. For the case of DM decay, this has been shown
explicitly (see e.g. Fig. 6 of [7]). It would be interesting to study particle physics models with the required spectra
and yield in the case of dark matter annihilation. We note that a possible neutrino continuum could be obtained
by the electroweak radiative corrections to the χχ → νν¯ process. This possibility was studied in [42] where it was
noted that the dominant 2 → 3 process is χχ → νν¯Z. The authors estimated a branching ratio for this channel,
R = σ(χχ → νν¯Z)/σ(χχ → νν¯), of O(0.1) for mχ ∼ 1 PeV. Thus, a detailed analysis of this case might result in a
non-negligible neutrino continuum.
However, once other byproducts of the annihilation are considered, it is important to keep in mind current astro-
physical constraints. For instance, in the case considered above, there should be an associated diffuse gamma-ray
signal from neutral pion decay produced by quark jets from Z decays [42]. The spectra E2dN/dE of these gamma-
rays however, would peak at energies probably too high to put any significant constraint with current experiments,
Epeak ∼ mχ/30 ∼ 33 TeV10. For instance, the stringent current gamma-ray constraints for dark matter annihilation
from observations of the MW dwarf spheroidals (dSphs) stand at [29]:
〈σannv〉 (χχ→ bb¯,mχ = 10 TeV) < O(10−23cm3s−1). (20)
At higher dark matter masses, there are no constraints, but we note that the model we have considered here would
even be consistent at the level of Eq. (20). This is because dSphs have typical velocities of O(10 km/s), and thus,
〈σannv〉dSphs ∼ 2.7× 10−24cm3/s in the example we explored in this paper.
The associated gamma-rays from dark matter annihilation in extragalactic halos are attenuated by the opacity
of the Universe caused by pair production with the Extragalactic Background Light and the Cosmic Microwave
Background radiation. The resulting electron-positron pairs loose energy via Inverse Compton scattering with the
photon backgrounds. The final result is a cascade of the original high energy photons to lower GeV-TeV energies.
This cascade is constrained by the extragalactic gamma-ray background observed by the Fermi-LAT instrument [44].
In this way, it is possible to set an upper limit to the annihilation cross section in the channels that give rise to the
original gamma-ray emission (e.g. [45]). Assuming a constant 〈σannv〉 and a substructure boost more generous than
the one we assumed here, this constraint stands at (see Fig. 15 of [45]):
〈σannv〉 (χχ→ [bb¯ or W+W− or µ+µ−],mχ = 1 PeV) . 3× 10−21cm3s−1. (21)
This limit is satisfied by the maximum saturated cross section of the Sommerfeld-enhanced case studied here:
〈σannv〉sat ∼ 2.7× 10−23cm3s−1, which is two orders of magnitude lower.
Another potential worry would be the energy injection in the early Universe due to dark matter annihilation. This
could create distortions in the energy and power spectra of the CMB (e.g. [46, 47]). The latter is the most constraining
but still too weak at PeV masses to be of concern. The most recent analysis puts the following constraint [48]:
pann =
feff 〈σannv〉
mχ
< 1.18× 10−27cm3s−1GeV−1, (22)
where feff is the efficiency factor to which the annihilation products get absorbed by the CMB plasma. For the case
of a dominant channel of annihilation into neutrinos, most of the energy is lost and feff ≪ 1. But even if one were to
consider other annihilation channels and feff ∼ 1, the constraint in Eq. (22) would be too weak for mχ ∼ 1 PeV.
10 We obtain this approximate value by noting that for annihilation into quark-antiquark pairs, or W and Z bosons, the continuous
gamma-ray yield is approximated by the following formula: dN/dE ∼ (0.42/mχ)exp[−8x]/(x3/2 + 1.4 × 10−4), where x = mχ/E (e.g.
[43]).
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Appendix: Subhalo model
If we assume that subhalos are a population of point sources in the sky, i.e., we neglect their spatial extent, then
we can write the total J − factor from substructures as [49]:
Jsubs(Ψ) =
1
ρχ(R⊙)2LMW
∫ Lmax
Lmin
dL
∫ λmax
0
L
dnsh(λ, L)
dL
dλ, (A.1)
where nsh is the radially dependent subhalo luminosity function:
dnsh(r, L)
dL
=
dnsh(r,msub)
dmsub
dmsub
dL
= nsh(r)
α − 1
mmin
(
msub
mmin
)−α
dmsub
dL
, (A.2)
where mmin is the minimum subhalo mass corresponding to Lmin in Eq. (A.1). We take analytical fits to this
distribution from the Aq-A-1 MW halo simulation [15]. The subhalo mass function has a slope of α = 1.9 and nsh(r),
the radial profile of the subhalo number density, can be fitted by an Einasto profile:
nsh(r) =
fsubMMW
2pir3
−2smmin
γ
(
3
αes
,
2cαes
−2
αes
)−1(
2
αes
)3/αes
× exp
[−2
αes
(
r
r−2s
)αes]
×
(
2− α
α− 1
1
(mmax/mmin)2−α − 1
)
, (A.3)
where αes = 0.678, r−2s = 0.81R200, c−2 = r−2s/R200, and γ is the lower incomplete gamma function. Eq. (A.3) has
been normalized so that the total mass in subhalos is a fraction fsub of the virial mass of the simulated MW halo,
MMW ≡M200 = 1.41× 1012M⊙11:
Msubs(R200) = 4pi
∫ R200
0
r2dr
∫ mmax
mmin
msub
dnsh(r,msub)
dmsub
dmsub = fsubMMW. (A.4)
We take mmax = 10
10M⊙, which is roughly the maximum subhalo mass in the Aq-A-1 simulation. Note that since
we are assuming α = 1.9, the total subhalo mass in the limit mmin → 0 converges. Msubs(R200) is actually almost
converged at the resolution mass of the simulation, mres ∼ 3 × 104M⊙, with fsub ∼ 0.13. Unresolved substructures
all the way down to mmin → 0, only enhance fsub by . 30% [15]. The mass contained in unresolved subhalos would
be substantially larger if α was closer to 2. For this work we assume the value of α = 1.9 and take fsub = 0.13.
We also note that subhalos are distributed radially in a way which is considerably shallower than the smooth
distribution. This is due to tidal stripping that disrupts subhalos in the central dense regions of the host halo. This
disruption seems to occur in such a way that the radial dependence of the subhalo distribution is independent of
mass. This is observed in numerical simulations (e.g. Fig. 11 of [15]). We assume that this radial dependence holds
down for lower unresolved masses. This is expected since although halos with smaller masses collapse earlier, and thus
are denser and more resilient to tidal stripping that more massive halos, the epochs of collapse are not substantially
different due to the flattening of the power spectrum at smaller scales.
Assuming that each subhalo can be represented by a spherical distribution of dark matter with a radial NFW profile
[31]12, their individual luminosities are given by:
L =
∫ r200
0
ρ2NFW(r)dV = 1.23
V 4max
G2rmax
(
1− 1
(1 + c)3
)
, (A.5)
11 We note that M200 is lower than the value given in Table 1 of [15] because we renormalized ρχ to the assumed local value: ρ(R⊙) =
0.4GeVcm−3.
12 Subhalos are better fitted by Einasto profiles, but the simplicity of the NFW profile makes it convenient for our calculations. It is for
example not clear what is the dependence of the Einasto parameters with subhalo mass. Using an Einasto profile instead of a NFW
actually increases the net annihilation rate in a halo by ∼ 50% (see e.g. [46]).
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where c = r200/rs is the concentration of the subhalo (rs being the scale radius in the NFW profile), and rmax is
the radius where the circular velocity reaches its maximum Vmax. The term in parentheses in Eq. (A.5) comes from
truncating the integral to the virial radius of the subhalo r200. In principle, a more appropriate truncation radius
should be the tidal radius, which would depend on the gravitational potential of the host halo. However, due to the ρ2
dependence of the luminosity, most of the annihilation occurs in the very central regions, L(r < r1/2 = 0.25rs) = L/2.
Since rmax = 2.163rs for the NFW profile, then r1/2 ∼ 0.1rmax which is significantly smaller than typical tidal radii,
except in the cases of extreme disruption. We therefore use Eq. (A.5) noting that a proper truncation would decrease
the luminosities by a factor ≪ 0.5.
The scaling properties of the subhalos are tightly correlated to the subhalo mass. We take the mean correlations
computed from the distribution of resolved subhalos in the Aq-A-1 simulation, without considering the spread of these
distributions. We have:
Vmax = 10 km/s
(
msub
3.37× 107M⊙
)1/3.49
rmax = 5.87× 10−3
(
Vmax
H0
)(
msub
108M⊙
)0.09
, (A.6)
where H0 = 100 km s
−1 Mpc−1h. The subhalo concentration is then simply given by solving the transcendental
equation [15]:
δc =
200
3
c3
ln(1 + c)− c/(1 + c) = 7.213 δV = 7.213
ρ¯(rmax)
ρcrit
= 14.426
(
Vmax
H0rmax
)2
, (A.7)
where δV is the mean overdensity within rmax relative to the critical density.
These scaling relations result in a concentration-mass relation that is well fitted by a power law. However, it is
not appropriate to extrapolate this power law down to unresolved masses since, as discussed above, the flattening of
the CDM power spectrum at lower masses implies a flattening of the concentration-mass relation, which considerably
reduces the unresolved subhalo contribution [22, 50]. To account for this effect, we use the fitting function recently
proposed by [50]:
cfit =
i=5∑
i=0
ci ×
[
ln
(
m
M⊙h−1
)]i
(A.8)
where ci = (37.5153,−1.5093, 1.636× 10−2, 3.66× 10−4,−2.89237× 10−5, 5.32× 10−7). Since this formula is strictly
valid only for field main halos, we re-normalize it to match the concentration-mass relation implied in Eqs. (A.6-A.7)
above for subhalos. It is known that subhalo concentrations are biased towards higher values roughly by the same
factor across different masses (e.g., see Fig. 26 of [15]).
Finally we note that although in principle the full hierarchy of sub-substructures should be considered to estimate
the total subhalo contribution, the first level of the hierarchy is the dominant one since further levels, most abundant
in the outskirts of subhalos, would be removed rapidly by tidal stripping with the host in the first orbital interactions.
For subhalos that are still at first infall and near the virial radius of the host, sub-substructures might survive in
significant numbers to contribute to the annihilation emission. This would enhance the number of neutrino events
estimated here.
With the whole set of Eqs. (A.2-A.8) we can therefore estimate the contribution from substructure to the dark
matter annihilation rate.
1. Sommerfeld enhancement for subhalos
We use a similar approach to the one we used for the smooth dark matter component (see Section IIA 1), but
make a further simplification and take the average 1D velocity dispersion of each substructure, σ¯vel ∼ Vmax/
√
3, as a
measure of the enhancement, i.e., individual subhalo luminosities (Eq. A.5) get enhanced by:
L(msub)→
(
1√
piσ¯vel
)
L(msub) (A.9)
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